Spin-transfer torque in a class of magnetic tunnel junctions with noncollinear magnetizations, referred to as spin filter tunnel junctions, is studied within the tight-binding model using the nonequilibrium Green's function technique within Keldysh formalism. These junctions consist of one ferromagnet (FM) adjacent to a magnetic insulator (MI) or two FM separated by a MI. We find that the presence of the magnetic insulator dramatically enhances the magnitude of the spin-torque components compared to conventional magnetic tunnel junctions. The fieldlike torque is driven by the spin-dependent reflection at the MI/FM interface, which results in a small reduction of its amplitude when an insulating spacer (S) is inserted to decouple MI and FM layers. Meanwhile, the dampinglike torque is dominated by the tunneling electrons that experience the lowest barrier height. We propose a device of the form FM/(S)/MI/(S)/FM that takes advantage of these characteristics and allows for tuning the spin-torque magnitudes over a wide range just by rotation of the magnetization of the insulating layer.
I. INTRODUCTION
The intensive search for innovative devices enabling the efficient electrical control of magnetization direction has led to the discovery of spin-transfer torque (STT) [1] . In magnetic spin valves, the flowing charge current is polarized by the first (reference) magnetic layer and exerts a torque on the second (free) magnetic layer [2] . STT has emerged as an efficient mechanism to induce magnetization reversal and excitations, resulting in immediate applications such as magnetic random access memories (MRAM) and spin-torque oscillators, respectively [3] . Conventionally, the torque is partitioned into a fieldlike component, T ⊥ , along m × p, and a Slonczewski (dampinglike) component, T , along m × (m × p) direction, where m( p) represents the free-(reference-) layer magnetization unit vector. Initially studied in metallic spin valves [4] , STT was soon extended to magnetic tunnel junctions (MTJs), where the spacer was replaced by nonmagnetic insulating barriers such as Al 2 O 3 [5] or MgO [6] . The latter, in contact with Fe(100) electrodes, captured the attention due to its crystallographic configuration that allowed coherent wave-function symmetry filtering, giving rise to a large tunneling magnetoresistance (TMR), as demonstrated theoretically [7] and experimentally [8] . Meanwhile, STT in MgO-based tunnel junctions became the most promising ingredient for high-density, nonvolatile MRAM devices due to the combination of large TMR and low critical switching current. Substantial studies in ballistic regime [9, 10] revealed, for low bias (V ), the following form of the spin-torque components,
where the extra linear term of T ⊥ , b 1 , only appears due to symmetry breaking [12] originated from band filling mismatch of the electrodes [13] , asymmetric barriers [14, 15] , or interfacial disorders [16] . Alternative tunneling systems have been proposed as an extension of conventional MTJs such as ferroelectrics and magnetic insulators. Ferroelectric junctions display electroresistance due to the electrical control of charge accumulation at the interfaces [17] , whereas magnetic insulators exhibit spin filtering effect, which in contrast to symmetry filtering, selectively filters majority carriers due to the spin-dependent evanescence of the wave function in the barrier [18] . Consequently, even when considering a normal metal (NM) reference layer, higher spin polarization is obtained as a result of charge current being exponentially dependent on the exchange splitting of the barrier [19] . Magnetic insulators have attracted also increasing interest in magnonics and spin-caloritronics devices due to its ultralow damping coefficient [20] . Several architectures of spin filter based tunnel junctions (SFTJs) have been proposed, such as single junctions [21] , double junctions [22] , partial junctions [23] , and symmetric junctions of the form FM/MI/FM [24] . These structures rely on either ferromagnetic or ferrimagnetic insulating barriers. The former includes Eu chalcogenides materials such as EuS [25] , EuSe [26] , and EuO [27] , which present low Curie temperature (T c ), i.e., ∼69 K [27] . The latter covers spinel-based materials such as CoFe 2 O 4 [28] , NiFe 2 O 4 [29] , NiMn 2 O 4 [30] , BiMnO 3 [31] , and CoCr 2 O 4 [32] , which exhibit T c values above room temperature. Most of the work on these architectures have focused on understanding spin polarization and TMR, where the latter tends to be much larger than conventional MTJs. However, the spin-transfer torque has been mostly overlooked and little has been done from a theoretical perspective [33] .
In this work, the nature of spin-transfer torque in spin filter tunnel junctions is studied considering single-electron tight-binding (TB) calculations in the framework of Keldysh formalism [34] . The approach considers semi-infinite leads separated by a finite magnetic insulating barrier. Combined numerical and analytical studies as a function of bias in partial spin filter tunnel junctions (p-SFTJ), NM/MI/FM, reveal a dramatic enhancement of the torque amplitudes compared to conventional MTJs. The fieldlike component is driven by the spin-dependent reflection at MI/FM interface, which yields a linear bias dependence in contrast to the quadratic profile encountered in conventional MTJs and results in a small reduction of its amplitude when an insulating spacer (S) is inserted to break the exchange interaction between the magnetic insulator and the ferromagnet. Meanwhile, the dampinglike component is dominated by the tunneling electrons that experience the lowest barrier height. Based on these, we provide a route towards combining into a single device the STT mechanisms of conventional MTJs and partial SFTJs. For this, we introduce a structure of the form FM/(S)/MI/(S)/FM, combining ferromagnetic metallic electrodes separated by a magnetic insulator, referred to as symmetric spin filter tunnel junction (s-SFTJ). This system allows for tuning the torques amplitude by rotating only the magnetization of the insulating layer.
This paper is organized as follows. Section II describes the theoretical method used to model spin filter tunnel junctions and to calculate the spin-transfer torques. Numerical and analytical studies of partial and symmetric spin filter tunnel junctions without insulating spacers are given in Sec. III A and III B, respectively. In Sec. III C, we present our results when spacers are inserted. In all cases, our solutions are compared with a conventional MTJ of similar parameters. In the following, to simplify the notation, we will call MTJ a system of the form FM/I/FM, where I represents the nonmagnetic insulating barrier of N I monolayers thickness. Finally, conclusions are summarized in Sec. IV.
II. METHODOLOGY
The Hamiltonian considered in the present study is described by the single-orbital simple-cubic TB Hamiltonian in noncollinear configuration, defined aŝ
The first three terms correspond to the isolated contribution,
represents the uncoupled left (L), right (R), or barrier (B) regions. The last term defines the coupling with the leads,
where
annihilates (creates) an electron with spin σ on site i (∈ ), σ = ↑ (+1), ↓ (−1) represents the up or down spin projection, and t is the spin-independent hopping parameter between sites restricted to nearest neighbors, assumed to be constant everywhere (t = −1 eV). In Eq. (4), A negative bias voltage corresponds to a negative charge current density; hence, the electron flow density, J e , is defined positive when going from the reference layer (left) to the free layer (right). The isolated Green's function of each uncoupled region, , defined asĝ =Î /(E − k −Ĥ ) is determined, where we have explicitly written k , being the energy of the in-plane vector, k , of the Bloch state. The system is then coupled through Dyson's equation [10] G pq =ĝ pq +ĝ paˆ aaĜaq +ĝ pbˆ bbĜbq ,
where subscripts p and q are any two sites across the barrier, and the self-energy terms given byˆ aa(bb) = t
take into account the propagation of the electron across barrier/electrode interfaces. Equation (6) 
The interfacial spin current density components (Q jy bα ) and the electron flow density (J e ) are obtained considering
Superscript j refers to the spin space direction, defined by the Pauli matrix, σ j . e and t are the electric charge and hopping terms, respectively. is the Planck's constant. k || is the transverse component of the wave vector, and the energy integral is over the whole energy range [10, 11] . Finally, the Slonczewski and fieldlike components of the spin torque, T = Q bα , applied on the right lead are defined,
III. RESULTS AND DISCUSSION
In the simple cubic single-band tight-binding model, at zero bias, the energy limits of the density of states (DOS) are given by E σ min(max) = σ ± 6t, which brings different band filling values in the leads associated with the DOS at Fermi level (E F = 0 eV). Four band filling cases are studied where = +2 eV unless stated otherwise; therefore, for the parameters considered here, with the experimental observations [35] . We additionally investigate the cases 0 R = +1 eV and 0 R = −1 eV, where the population of minority carriers at Fermi level increases until it becomes larger than the population of the majority carriers; therefore, a polarization inversion is expected as the system moves towards the high-band-filling regime, see Fig. 1(c) bottom panel. Our model being limited to a single band, it does not capture the specific wave-function symmetries that would arise in crystalline junctions, such as Fe/MgO [36] . However, limiting this study to low bias voltage, this model provides a qualitative description of the spin transport in spin filter junctions.
First, we investigate structures where insulating spacers needed to magnetically decouple the MI and FM layers are disregarded. Here, we study the bias dependence of STT in partial SFTJs (Sec. III A) and the angular dependence of STT in junctions of the form FM/MI/FM (Sec. III B). The former is set considering θ R(B) = π/2(0) and L = 0, the latter takes into account θ L(R) = π/2(0). In both cases, 0 L = 0 R and the barrier height is set as close as possible to the Fermi level to guarantee large current densities. To avoid the Fowler-Nordheim effect [37] , 0 B = +9 eV and B = +2 eV are considered, which brings at zero bias, E ↑ min = +1 eV. In Sec. III C, we study the case where insulating spacers are inserted between FM and MI in order to decouple the two magnetic layers. Such an insertion is in principle expected to dramatically reduce both TMR and STT amplitudes. However, it has been shown experimentally that insertion of a 0.8-nm-thick SrTiO 3 nonmagnetic insulating spacer between a FM electrode and a magnetic insulating barrier in La 2/3 Sr 1/3 MnO 3 /(SrTiO 3 )/NiFe 2 O 4 /Au junctions is efficient in decoupling the exchange interaction between the magnetic insulator and the electrode without substantially modifying the TMR ratio [29] . We show how the spintransfer torque components are modified when we insert the nonmagnetic insulating spacer. The dampinglike torque dramatically decreases in magnitude preserving its qualitative behavior as a function of bias. In contrast, the magnitude of the fieldlike torque is only slightly reduced in both partial and symmetric SFTJs. Therefore disregarding such spacers does not bring major changes in the fieldlike term, which should be measurable experimentally.
A. Partial spin filter tunnel junction
As displayed in Figs. 2(a) and 2(b), main panels, for the aforementioned band filling cases, it is found that a bilayer system of the form MI/FM is enough to dramatically enhance the spin-torque components compared to MTJs, displayed on insets. In Figs. 3(a) and 3(b) , the torque efficiencies are displayed as a function of band filling for V = −1.0 V . Whereas the T /j e magnitude remains on the same order as in MTJs, (T ⊥ − T 0 ⊥ )/j e is increased by a factor of 10 in the low-band-filling regions up to a factor of 100 as the system moves towards higher band filling values. Notice that the equilibrium interlayer exchange coupling (IEC) [38] , i.e., the zero-bias value of T ⊥ , T 0 ⊥ , has been subtracted. The underlying mechanism of the fieldlike torque is first understood in the framework of free-electron approach based on Wentzel-Kramers-Brillouin (WKB) approximation. In the 
L(R) , and
In Eqs. (14) and (15), ξ θ R depends on the free layer magnetization direction and is driven by the exchange splitting of the barrier, see Eq. (16) . This term brings a fieldlike torque angular dependence that deviates from the conventional sin θ R dependence encountered in MTJs. Within the TB formalism, this deviation, which appears also in T , is small and becomes negligible in the high band filling regime. Of great importance is the nonvanishing zeroth-order term of T R→L ⊥ , given in Eq. (15) , which demonstrates that the fieldlike torque is dominated by the spin-dependent reflection at MI/FM interface, depending strongly on q Fig. 2(a) ], in p-SFTJs it does not [see main panel in Fig. 2(a) ]. This behavior is understood considering the WKB approximation, where T for MTJs and p-SFTJs to the lowest order in the thick barrier limit are given by
For simplicity, we have considered the contribution of electrons incident from the left layer only. T L and P L , defined in Ref. [38] , are the transmissivity and effective Slonczewski polarization of left layer, respectively. It is straightforward to notice from Eq. (17) that in MTJs the sign of T is determined by the sign of the polarization
, whereas in p-SFTJs, given in Eq. (18), P L is absent and no sign reversal is expected since T is driven by the tunneling electrons that experience the lowest barrier height [majority electrons in Eq. (18)].
B. Symmetric spin filter tunnel junction
In the previous section, we have seen that a magnetic insulating barrier adjacent to a ferromagnetic layer dramatically enhances the torque amplitude compared to magnetic tunnel junctions. The fieldlike torque is driven by the spin-dependent reflection at the MI/FM interface, whereas the Slonczewski component is dominated by the tunneling electrons that experience the lowest barrier height. To exploit these important features, we propose a device of the form FM/MI/FM, referred to as symmetric spin filter tunnel junction, or s-SFTJ. The system now consists of two ferromagnets separated by a magnetic insulator, the left layer is referred to as the reference layer and the right layer is the free layer on which the torque is exerted. In this device, when the magnetization direction of the barrier is aligned on the magnetization of the free layer, the junction is expected to behave like an MTJ. In contrast, when the magnetization of the barrier is misaligned with respect to the magnetization of the free layer, the system behaves like the p-SFTJ discussed in the previous section. Therefore, the magnitude of the spin-transfer torques can be tuned, depending on the relative angle between the magnetizations of the barrier and free layer. In Figs. 4(a) and 4(b) , we display the angular dependence of the STT components for V = +1.0 V. For this study, the magnetization of the barrier is rotated by an angle θ B while the magnetization of the leads is kept perpendicular to each other, θ L(R) = π/2(0), as sketched in Fig. 4(b) . When the magnetization of the barrier is perpendicular to the magnetization of the free layer, the fieldlike torque is driven by the spin-dependent reflection. Thus, as shown in Fig. 4(d) (bottom-right panel) , where we have plotted the case 0 L(R) = +3 eV and θ B = 3π/2 for s-SFTJ and p-SFTJ junctions, the fieldlike torque is likely to be independent on the details of the electronic structure of the reference layer and therefore displays a bias dependence similar to partial SFTJs. In contrast, when the barrier is aligned or antialigned to the free layer, Eqs. (14) and (15) vanish; therefore, the contribution to the fieldlike torque is driven by the leads, recovering MTJ bias characteristics, as shown in Fig. 4(d) (bottom-left panel) for the case θ B = 0, where the slight enhancement is due to the spin-filtering imposed by the magnetic insulating barrier. Similar outputs are found in other band filling cases. Consequently, at low voltage, the bias dependence of the nonequilibrium field like torque in s-SFTJs can be expressed as
where the coefficients, in contrast to Eq. (2), depend on θ B . The Slonczewski STT component shows a more complex angular behavior, which depends also on band filling regime and on the relative orientation of the magnetizations in the barrier and left layer. For the half-metallic case, depicted by the filled green dots in Fig. 4 , the reference layer filters the spin states. If these states are anti-aligned with the magnetization of the barrier (θ B = 3π/2), the electron flow density exponentially drops, as shown in Fig. 4(c) ; therefore, T is dramatically reduced, see Fig. 4(a) . However, if the spin states are aligned with the magnetization of the barrier (θ B = π/2), the enhanced electron tunneling results in a dramatic increase in the torque amplitude and in the electron flow density, see Figs. 4(a) and 4(c). Furthermore, when the magnetization of the barrier is aligned on the magnetization of the free layer (θ B = 0), the system behaves like a MTJ with an enhancement in the torque amplitude due to the magnetic nature of the insulating layer. This effect persists for higher band filling values, as displayed in Fig. 4(d In the former, given in Fig. 4(d) top-right panel, for 0 L(R) = +3 eV, T behaves like in partial SFTJs, whereas in the latter, the magnitude is reduced, see Fig. 4(a) . To understand these effects, we recall the discussion in the previous section, where we mentioned that T in p-SFTJs is driven by the tunneling electrons that experience the lowest barrier height, implying that when the polarization inversion is reached (high-bandfilling regime), J AP > J P , being J AP (P ) the charge current density in antiparallel (parallel) configuration, θ B = 0 and θ R = π (0). Similarly, in s-SFTJ for the antiparallel alignment between the magnetization of the barrier and the magnetization of the reference layer, polarization inversion allows higher current densities, which results in larger torque amplitudes compared to the parallel configuration, see Figs. 4(a) and 4(c).
C. Spin filter tunnel junctions with insulating spacers
In Sec. III A, the bias dependence of partial spin filter tunnel junctions (NM/MI/FM) was studied. A dramatic enhancement of the spin-torque components compared to magnetic tunnel junctions was uncovered, as well as a domination of the fieldlike term compared to the damping torque (T ⊥ > T ). It was additionally found that the efficiency of T remains in same order as in MTJs, whilst the efficiency of T ⊥ is dramatically enhanced. In Sec. III B, the angular dependence of symmetric structures of the form FM/MI/FM was studied, and we showed that depending on the relative orientation of the magnetizations in the barrier and free layer the system behaves like a MTJ or partial-SFTJ. These results may be put under debate since realistic structures require additional spacers to break the exchange interaction of the magnetic insulator and the ferromagnetic electrode; for this reason, we study here two architectures, a partial SFTJ of the form NM/MI/S/FM, and a symmetric junction of the form FM/S/MI/S/FM, where S stands for the insulating spacer defined by N S atomic layers. The barrier height of the spacer is set to 0 S = +7 eV and S = 0, which guarantees large current densities without reaching the resonant regime. We also set 0 B = +9 eV and B = +2 eV and fix the other parameters as in the previous sections. It is found that insertion of insulating spacers does not qualitatively change our conclusions. In Fig. 5 main panels (insets), we display the bias dependence of the spin-torque efficiencies (components) for an MTJ with N I = 3 and p-SFTJs with N MI = 3 and N S = 0,1, and 2. Only the half-metallic case is given, but similar results are obtained in other band filling cases. Whereas in MTJs, the insertion of a spacer between the barrier and free layer modifies the quadratic profile of the fieldlike torque by inducing a linear term in V [see Eq. (2)], in p-SFTJs, spacers do not affect the linear profile reported in Fig. 2(b) ; moreover, because the torque is driven by the spin-dependent reflection, its amplitude exhibits a small decrease, which for N S = 2 remains still higher than MTJs, see inset in Fig. 5(b) . In contrast, the in-plane torque being driven by the tunneling electrons that experience the lowest barrier height, this component dramatically decreases with the insertion of an insulating spacer [inset of Fig. 5(a) ]. These results are confirmed by considering the torque efficiencies, displayed in main panels. Whereas the efficiency of the in-plane torque, T /j e , remains unaffected by the insertion of the spacer (∼−0.079), the efficiency of the perpendicular torque, (T ⊥ − T 0 ⊥ )/j e , increases; consequently, T ⊥ T when insulating spacers are taken into consideration. Indeed, the dramatic enhancement of the spin-torque magnitudes in p-SFTJs is reduced in the presence of insulating spacers; however, when considering thin spacers the predicted spin torque is still higher than in MTJs.
We have extended this study to the case of a symmetric spin filter tunnel junction of the form FM/S/MI/S/FM with N MI = 3 and N S = 1. The barrier heights are set to 0 B = +9 eV and 0 S = +7 eV for the magnetic insulator and the spacers, respectively. We found that the angular dependence of the torque becomes qualitatively similar to the case discussed in Sec. III B, where insulating spacers are neglected (not shown). In Fig. 6 , the STT bias dependence of this symmetric junction in the low band filling regime ( If an MTJ of the form FM/S/I/S/FM is considered with similar parameters as the symmetric SFTJ, the latter will show torque amplitudes slightly enhanced due to the spin filtering imposed by the magnetic insulator (not show), in clear agreement with the ideal case given in Fig. 4(d) left panels. The latter case (θ B = 3π/2), which defines a symmetric SFTJ with p-SFTJ-like characteristics becomes more interesting. Here, the Slonczewski torque amplitude in the symmetric structure is lowered with respect to partial SFTJs of the form NM/MI/S/FM with N MI = 3 and N S = 1, in contrast to the ideal case given in Fig. 4(d) top right panel where both, symmetric and partial junctions showed similar amplitudes. This is due to the extra spacer added between the reference and barrier layers which contributes to an exponential decay of the electrons tunneling. Despite this decay, the magnitude is still larger than in MTJs with N I = 3, see Fig. 6 (b) and inset in Fig. 2(a) . Meanwhile, the fieldlike torque amplitude remains much larger than in MTJs and similar to partial SFTJs of the form NM/MI/S/FM because the contribution of electrons incident from the free layer (right to left) dominates; consequently, even if thick spacers are considered to decouple the reference and barrier layers, the torque magnitude shall not decrease significantly, see Fig. 6(d) .
IV. CONCLUSION
To conclude, using a tight-binding model, we have theoretically studied the spin-transfer torque mechanism in junctions involving a magnetic insulating barrier. In the case of partial spin filter tunnel junction, composed of a magnetic tunnel barrier adjacent to a metallic ferromagnet, NM/MI/FM, we have shown a strong enhancement of the torque amplitudes compared to conventional MTJs. When an insulating spacer is added to decouple the exchange interaction between MI and FM, i.e., NM/MI/S/FM, we have shown that for thin spacers made of 1 or 2 monolayers, the torque amplitudes remain larger than conventional MTJs. The fieldlike torque strongly depends on the spin-dependent reflection at MI/FM interface. Meanwhile, the in-plane torque is driven by the tunneling electrons that experience the lowest barrier height. To exploit these important features and those of conventional MTJs, a hybrid device has been proposed, referred to as symmetric spin filter tunnel junction, and composed of two ferromagnetic electrodes separated by a magnetic tunneling barrier, FM/(S)/MI/(S)/FM. In such structure, we have shown that the STT components can be tuned from conventional MTJ-like to partial SFTJ-like behavior just by rotating the magnetization of the insulating layer. This offers the possibility of fabricating a device that is able to retrieve bias characteristics of both systems, partial SFTJ and conventional MTJ, which opens novel avenues in the future developments of current-induced-magnetization-reversal and -excitation devices.
